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behavior), are rare. Exceptions include tests of a strictKathleen M. Dorries
place coding scheme, a hypothesis in which olfactoryDepartment of Neuroscience
stimuli activate specific areas of the bulb, and the activa-Tufts University School of Medicine
tion of those areas encodes odor identity. According toBoston, Massachusetts 02111
such a scheme, removal of areas activated by a particu-
lar stimulus should disrupt behavioral response to that
stimulus. In rats, however, comparatively large OB le-
In recent years, there have been dramatic advances
sions, even lesions that include sites most activated by
in olfactory research, with important implications for
the test odorant, had little effect on performance of
understanding neural coding in this system. Yet we still
several olfactory tasks requiring odor detection and rec-
have a surprisingly poor understanding of how odor
ognition (Slotnick et al., 1997). These results suggest
information is encoded, even at the earliest stages of that activation of specific areas of the OB is not neces-
central olfactory processing. This is partly because of sarily a critical component of the olfactory code. It may
the paucity of reported studies that go beyond descrip-
be that local interactions and relative activity levels
tion of the system to test hypotheses about specific
across the OB are more informative than absolute levels
mechanisms of olfactory coding. The recently published at specific sites. In an interesting set of experiments,
paper by Stopfer et al. (1997) is remarkable, both be- Mori and his colleagues have begun to examine how
cause it is one of those very fewdirect tests of a hypothe- spatial relationships in OB input give rise to patterns of
sis on coding in olfaction and because it reports a corre- responsivity characteristic of the OB output neurons,
lation between a disruption in temporal characteristics the mitral and tufted cells (MTs; for a review of these
of neural response and a specific and limited modulation experiments, see Mori and Yoshihara, 1995). Individual
of an odor-guided behavior. Their work opens the door MTs respond with excitation to a set of similarly struc-
to a line of research testing the contribution of action tured compounds and are likely to be suppressed by
potential timing and synchronization to coding of sen- odorants whose chemical structures lie just outside that
sory information in the nervous system. set (Yokoi et al., 1995). Blocking inhibitory input to MTs
Much of the current thought on olfactory coding fo- eliminates the suppressive but not the excitatory re-
cuses on the importance of spatial, rather than temporal, sponses. Inhibitory connections between neighboring
patterns of activity (for review, see Mori and Yoshihara, glomeruli receiving similar inputs appear to account for
1995; Buck, 1996). The concept of an orderly mapping the suppressive responses, analogous to the lateral in-
between stimulus dimensions and neuronal position, as hibitory basis for center/surround receptive fields in the
found in other sensory systems, is compelling and may visual system (Yokoi, et al., 1995).
in some sense apply to olfactory systems as well. At Though the contribution of spatial patterns to olfac-
the level of the primary central target of the olfactory tory coding has received the majority of the attention
receptor neurons (in vertebrates, the olfactory bulb of late, temporal aspects of neuronal response have
[OB]), electrophysiological recordings, c-fos and 2-deoxy- long been considered a crucial component of an olfac-
glucose experiments, and optical recordings have all tory code (see, for example, Adrian, 1953). Temporal
shown that spatial patterns of activity differ for different characteristics of response have been described in the
olfactory stimuli (for example, Joerges et al., 1997; also patterns of single unit spiking and in oscillatory activity
see references in Mori and Yoshihara, 1995). Molecular of populations of neurons in olfactory processing areas.
biological data on expression patterns of the genes that In individual MTs of the vertebrate OB, temporal patterns
are believed to encode olfactory receptor proteins indi- that consist of periods of spiking and suppression vary
cate an underlying basis for those patterns: each of the within the same cell for different odorant stimuli and
perhaps hundreds of receptor neuron types, as charac- change nonmonotonically with changes in concentra-
terized by the one or few kinds of receptor genes they tion of the same stimulus (see Hamilton and Kauer, 1989,
express, converges at specified locations of the OB and references therein). Similar patterns of output cell
(Mombaerts, 1996). The fact that these locations vary spiking have been described in invertebrates as well
little among individuals of a species has strengthened (Laurent et al., 1996). Though it is hypothesized that
the idea that the OB includes a functional map, or repre- such temporal patterns carry informationabout stimulus
sentation, of olfactory receptor space (for references, quality and intensity, their precise role in olfactory cod-
see Buck, 1996). Experiments using optical recording ing is unknown. Likewise, there are various hypotheses
during olfactory stimulation in zebrafish have begun to about the contribution of population oscillation and
demonstrate correlations between physical±chemical waves of activity to olfactory coding. Many animals,
properties of stimuli and activation of receptor neuron including both vertebrates and invertebrates, show os-
populations projecting to different OB areas (Friedrich cillatory activity in EEG or field potential recordings at
and Korsching, 1997). different levels of olfactory processing. It has been sug-
How a spatial representation may be employed in gested that the oscillation itself carries information in
olfactory coding is only beginning to be understood. amplitude or phase relations that vary across the encod-
Tests of specific coding hypotheses, which entail dis- ing population with changes in odorant stimulus or with
rupting encoding mechanisms and measuring an effect changes in the hedonic value or behavioral relevance
of the stimulus (see Gervais et al., 1996, and referenceson odor perception (as measured by olfactory-guided
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Figure 1. Analysis of Oscillation and Spiking
in Insect PNs
(A and B) Schematic intracellular (PN1 and
PN2) and LFP recordings.
(A) Stimulus-induced oscillation is prominent
in the LFP recorded in the mushroom body.
PN membrane potential becomes oscillatory
during a fraction of the PN's response (pink
shading) and for a shorter duration than LFP
oscillation. During the remainder of the re-
sponse (blue shading), membrane potential
is not oscillatory, even though there may be
spikes.
(B) After PCT treatment, neither LFP nor PN
membrane potential oscillates. PN spike
trains still include patterns of spiking and inhi-
bition.
(C) Schematic cross-correlograms of PN
membrane potential and LFP. In a cross-cor-
relogram of PN membrane potential with LFP
during the period of membrane potential os-
cillation (see pink shading in [A]), multiple
peaks indicate that oscillations in the two re-
cordings are correlated. During periods when
PN membrane potential is not oscillatory (see
blue shading in [A] and [B]), the cross-correlo-
gram is flat, indicating that membrane poten-
tial and LFP are uncorrelated. After PCT treat-
ment, PN membrane potential and LFP are
uncorrelated throughout the entire PN re-
sponse.
(D) Schematic cross-correlograms of spike
times for PN pairs. Multiple peaks in a cross-
correlogram of PN1 spike times with PN2
spike times indicate that spiking is oscillatory and synchronous during the period of the response when the membrane potentials of both
PNs are oscillating (see red box in [A]). The cross-correlogram is flat for other time periods (see dark blue box in [A]). PCT treatment is likely
to disrupt both the periodicity of PN spiking and synchronization of spiking between PN pairs, but this has not yet been demonstrated.
All plots and traces are cartoons based on figures from Wehr and Laurent (1996), Laurent et al. (1996), and Stopfer et al. (1997).
therein). Alternatively, it has been proposed that timing PN's spiking (Figures 1C and 1D). Laurent's group has
hypothesized that the pattern of synchronization acrossor phase relationships between spiking and oscillation
carry olfactory information (Laurent et al., 1996). PNsÐincluding both which PNs participate and when
they are synchronizedÐcarries odor information andWorking in the olfactory system of locusts (Schisto-
cerca americana), Laurent and his colleagues are now forms a functional part of the olfactory code.
To test whether the transient synchronization is func-testing specific hypotheses on the role of oscillation
in insect olfactory coding, examining in particular the tionally relevant, Laurent and his colleagues first re-
quired a means of disrupting the synchronization with-relationship between spiking and oscillation. They have
reported that projection neurons (PNs; functionally out silencing PNs or altering their tuning. In a paper
published recently, MacLeod and Laurent (1996) re-equivalent to MTs) of the locust antennal lobe (AL) re-
spond to odor stimulation with specific and repeatable ported that treating the locust AL with picrotoxin
(PCT), a g-aminobutyric acid (GABA) receptor antago-patterns of action potentials that include periods of acti-
vation and suppression similar to those described in nist, blocked oscillation in both the mushroom body LFP
and PN membrane potentials (thus eliminating synchro-vertebrate systems (Figure 1A; Laurent et al.,1996; Wehr
and Laurent, 1996). An individual PN's spiking becomes nization of the two) but left PN patterns of spiking and
suppression largely intact (Figure 1B). They then neededsynchronous with the population of responsive PNs dur-
ing some fraction of its response to an odorant stimulus. a behavioral measure of olfactory perception to deter-
mine whether eliminating oscillation affects perceivedThe timing of that synchronization is the same across
repeated trials with the same stimulus but differs for odor quality. Because developing behavioral analyses
for locusts has proven difficult, Stopfer and Laurent be-different odorants. Synchronous firing across the entire
population of activated PNs gives rise to oscillation in gan working with Smith and Bhagavan, a collaboration
that took advantage of both the Laurent group's electro-local field potential (LFP) recorded in their target (the
mushroom body), an area that is involved in odor learn- physiologial expertise and Smith's extensive work on
olfactory learning in honey bees (Apis mellifera). Beesing and memory. Cross-correlograms show strong, tran-
sient synchronization between oscillation in mushroom readily learn to extend their proboscis in response to a
specific odorant if it is paired with a sucrose reward.body LFP and membrane potential oscillation in in-
dividual PNs, reflecting the synchronization of that The level of response to a second odorant then indicates
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the degree of perceived similarity to the first. Stopfer et
al. (1997) have now examined the effect of PCT treat-
ment on this odor-guided behavior.
First, they showed that PCT had the same effects on
physiological responses in bees that they had reported
in locusts: oscillations in LFP and PN membrane poten-
tial were abolished and cross-correlograms showed no
synchronization, but the general patterns of excitation
and suppression in PN responses remained intact (Fig-
ures 1B and 1C). They demonstrated that the tuning of
individual PNs was not altered; cells responded to the
same odorants with the same spiking patterns before
and after treatment. Next, they tested whether blocking
the oscillation with PCT altered olfactory perception,
as measured by responses to odorants after olfactory
conditioning. Under control conditions, a high percent-
age of bees trained to the conditioning odorant (C) ex-
tended their proboscis when later tested with C. The
percent of bees responding to a structurally dissimilar Figure 2. Time and Space Together in a Hypothetical Vertebrate
Olfactory Bulbodorant (D) was low, indicating little generalization to
The degree and timing of output cell activation are both determinedD. When tested with an odorant (S) that is structurally
by relative activity levels among glomeruli. Three neighboring glo-similar to C, some bees showed generalization, with
meruli, (a), (b), and (c), in a schematic mammalian OB receive inputa level of response between C and D. These results
from receptor neurons most responsive to similar but differingindicated that the control bees perceived odorant S to
chemical structures; for example, 3, 4, and 5 carbon alcohols, re-
be similar to but distinct from odorant C. After PCT spectively. The darkness of shading of the glomeruli represents the
treatment, bees retained the ability to distinguish be- degree of activation upon stimulation with the 3 carbon alcohol,
tween structurally different odorants (C and D), but they with (a) the most activated.The mitral cell (A) whose primary dendrite
arborizes in glomerulus (a) gives a burst of spikes. (B) fires a shortno longer responded differentially to the similar odor-
burst before inhibition from interneurons activated by (A) shuts itants: there was no significant difference in the level of
off. (A) and (B) become synchronous for the brief period when (B)response to S and to C. Stopfer and his colleagues
is firing (red box, as in Figure 1A). (C) receives primarily inhibitoryconcluded that transient synchronization of PNs, which
input from interneurons activated by (A) and (B). This cartoon is
is abolished by PCT treatment, contributes to olfactory modified from Yokoi et al. (1995), with ideas from Laurent et al.
coding in honey bees. They suggest that temporal infor- (1996) and Hamilton and Kauer (1989).
mation is used to distinguish two odorants that are rep-
resented by overlapping (i.e., spatially similar) sets of
PNs but is not necessary when those representations
or task characteristics, but evidence that this phenome-
are distinct.
non contributes to sensory coding is indirect (for review,
The finding of a restricted change in generalization in
see Singer, 1993). If disruption of oscillatory synchroni-an olfactory task after PCT treatment is a breakthrough
zation is the only significant effect of the PCT treatment,that suggests a host of further experiments to clarify
then the shift in response generalization demonstratesthe relationship between oscillatory synchronization
that temporal information of this kind does contributeand olfactory coding. The first will likely be designed to
to olfactory coding in honey bees.determine whether the treatment affects other olfactory
The beauty of this line of research truly lies in itsor nonolfactory processes. Nonolfactory processes af-
potential to provide a window into the relationships be-fected might include, for example, mechanosensory in-
tween spike timing, neuronal synchronization and oscil-put or learning. There are also several aspects of olfac-
lation, and their respective roles in information coding.tory physiology that, if disrupted by PCT treatment,
Both synchronous and nonsynchronous spiking occurcould also account for a shift in behavioral response.
in PN responses because PNs synchronize during onlyThe general pattern of excitation and inhibition in PN
a fraction of their response (Figure 1A). The work ofresponses does appear to be intact, but a more detailed
Stopfer et al. suggests that these two states may con-analysis might reveal changes in duration of excitation
tribute differently to the olfactory code and that under-or suppression, firing rate, or absolute number of spikes.
standing the effect of PCT may elucidate those contribu-And while intracellular recordings suggest that PN tun-
tions. Synchronous spiking, for example, may differ froming is not affected by PCT, examining effects of PCT on
nonsynchronous in precision of spike timing, resultingoptically recorded population activity patterns may be
in, or resulting from, membrane potential oscillation. Isa better test of whether which PNs respond is al-
that precision what is lost after PCT treatment, alteringtered along with when. Experiments related to a number
olfactory perception? Laurent and his colleagues haveof these issues are now in progress in Laurent's and
examined and described timing of PN spiking relativeSmith's labs.
to LFP oscillation and relative to the spiking of otherStimulus-induced oscillatory synchronization has been
PNs, both in periods of oscillatory and periods of nonos-reported in visual, auditory, somatosensory, and olfac-
cillatory activity in untreated animals (Figures 1C andtory systems. Correlations can be made between chang-
ing patterns of synchronization and variation in stimulus 1D; Laurent et al., 1996; Wehr and Laurent, 1996). These
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Laurent, G., Wehr, M., and Davidowitz, H. (1996). J. Neurosci. 16,same analyses will be critical for understanding the pro-
3837±3847.cesses that are disrupted by PCT treatment. The first
MacLeod, K., and Laurent, G. (1996). Science 274, 976±979.and most important question is whether PCT actually
Mombaerts, P. (1996). Curr. Opin. Neurobiol. 6, 481±486.blocks synchronization of spiking among PNs (Figure
Mori, K., and Yoshihara, Y. (1995). Prog. Neurobiol. 45, 585±619.1D). The elimination of oscillation in the LFP of themush-
Singer, W. (1993). Annu. Rev. Physiol. 55, 349±374.room bodies is a strong indication that PN spiking does
not become synchronous, but auto- and cross-correla- Slotnick, B.M., Bell, G.A., Panhuber, H., and Laing, D.G. (1997). Brain
Res. 762, 89±96.tional analyses of spike times for PN pairs will answer
Stopfer, M., Bhagavan, S., Smith, B., and Laurent, G. (1997). Naturethese questions definitively.
390, 70±74.The importance of this work is that it identifies a valu-
Wehr, M., and Laurent, G. (1996). Nature 384, 162±166.able preparation for examining mechanisms of encoding
Yokoi, M., Mori, K., and Nakanishi, S. (1995). Proc. Natl. Acad. Sci.olfactory information and begins to test specific hypoth-
USA 92, 3371±3375.eses. The fact that the effects of PCT on physiological
patterns of response were limited, and odor-guided be-
havior was altered but not abolished, is particularly im-
portant. It suggests that coding in this system could be
dissected, using various pharmacological treatments to
disrupt differing aspects of neuronal response, in order
to correlate changes in physiology with changes in olfac-
tory perception. The details of encoding circuitry cer-
tainly vary from species to species and from system to
system, but general strategies for information coding
are likely to be conserved. This model will therefore
contribute not only to our knowledge of vertebrate as
well as invertebrate olfactory coding but also to our
understanding of the role of temporal patterns of neural
activity in other sensory systems, in learning and mem-
ory, and in the coding and categorization of information
during decision-making processes.
A great challenge for the field of olfaction is to under-
stand how both temporal and spatial representations of
odorant stimuli emerge in early olfactory coding and
how these two aspects of the olfactory code contribute
cooperatively to higher processing. Taking together cod-
ing principles derived from experimental findings in both
vertebrates and invertebrates, a scheme of processing
emerges in which OB or AL circuitry yields response
properties that can be described spatially or temporally:
spatially, in terms of relative activity levels across, for
example, the glomerular layer, and temporally, as both
patterns of excitation and inhibition in single unit re-
sponses and as oscillatory activity across cell popula-
tions. Indeed, both which output cells fire and when
they fire must be derived from the same excitatory and
inhibitory inputs generated through the OB or AL cir-
cuitry (Figure 2). A more complete understanding of how
spatial and temporal representations contribute to-
gether toolfactory coding will therefore require a greater
knowledge of the relative response properties among
neighboring glomeruli, the nature of synaptic interac-
tions between interneurons and OB or AL output cells,
and how changes at either of those levels can alter odor-
guided behavior.
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